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' PHOVIDE A OA'T"A FILE THAT DEFINES THE MATERlAL 
P'ROPER:T!ES ANO LAYOUT OF EACH PLANE, TRANSMISSION --·· 11 
LINE A.ND VIA OF THE PU\NAR MULTILAYER :STRUCTURE 
DEFINE A PLURALITY OF UNIT CELLS THAT EACH 
REPRESENT A PORTION Of THE PLANAR MULTl:LA YEA ~w t2 
STR:UCTURE: AND THAT INCLUDES All PLANES OF THE 
PLANAR MUl TllAYER STRUCTURE 
FOR EACH UNIT CE:ll, PROCESS THE DATA ASSOCIATED 
WffH THE CELL TO GENERA TE .AN INOiVIOUAl --· 13 
EQUJVALENT CIRCUIT l\<l0:£:)EL FOR lHAT CELL USING A. 
MULTILAYER FINITE :o!fFEHENCE METHOD 
INTERCONNECT THE UNff CELLS TO CREATE AN OVERALL 
CIRCtJff MODEL f'OR THE. PLANAR MULTILAYER STRUCTURE 
PROCESS THE OVERALL CIRCUIT MODEL TO OBTAIN 
FREQUENCY OR T1ME DOMAlN RESPONSES FOR THE 
Pl.AN,*\H MULTILAYER STRUCTURE 
1, DEFINE A MATRIX EQUATION 6.ASED UPON THE. 
OVERALL ClRCUIT MODEL AND SIMUlATlON 
PARAMETERS FOR: A DESlRED SIMULAnON SETUP, AND 
SOLVING THE MATRIX EQUATION TO GENERAT.E 
FR:EQUENCY OR TUvtE DOMAIN RESPONSES FOR THE 
PLANAR f,,.tlUl.T!lAYER STRUClURE 
2, DEFINE SIMULATION PARAMETERS FOR A DESIRED 
S!MULAT!ON SETUP, AND PROCESSING THE OVERALL 
CIRCUIT MODEL ANO THE SIMUlATlON PARAMETERS 
USING A crR:CUff SOLVER TO OBTAIN FREQUENCY 
AND TIME DOMAlN RESPONSES FOR THE PLANAR 
MULTILAYEH STRUCTURE 
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METHODS FOR ELECTRICAL MODELING 
OF PACKAGES AND PRINTED CIRCUIT 
BOARDS 
2 
current on the edges of the planes. For narrow slots, a trans-
mission-line-based model has been proposed to take into 
account this interlayer coupling. See for example, R. Ito et al., 
"Parallel plate slot coupler modeling using two dimensional 
5 frequency domain transmission line matrix method," in Proc. 
IEEE EPEP, pp. 41-44, 2004. Electric and magnetic polariza-
tion currents have also been considered to compute the cou-
pling through electrically small cutouts. See for example, J. 
Lee, et al., "Analysis and suppression of SSN noise coupling 
This application claims the benefit of U.S. Provisional 
Application Ser. No. 60/835,381 filed on Aug. 2, 2006 and 
U.S. Provisional Application Ser. No. 60/835,243 filed on 
Aug. 2, 2006, the entirety of each of which is hereby incor-
porated by reference. 
BACKGROUND 
10 between power/ground plane cavities through cutouts in mul-
tilayer packages and PCBs," IEEE Trans. Adv. Packag., vol. 
28, no. 2, pp 298-309, May 2005. 
The present invention relates generally to electromagnetic 
simulation methods and software, and more particularly, to 15 
finite difference methods and software that are used for elec-
tromagnetic simulation of planar multilayer structures. 
The field penetration through the conductors can be 
neglected for frequencies, where the skin depth is much 
smaller than the plane thickness. At lower frequencies, this 
field penetration has to be taken into account. See for 
example, J. Mao, et al., "Modeling of field penetration 
through planes in multilayered packages," IEEE Trans. Adv. 
Packag., vol. 24, no. 3, pp. 326-333, August 2001. For pur-
A high-performance digital or mixed-signal system can 
contain thousands of signal lines, which must be routed on 
several layers in the package and printed circuit board (PCB). 
These signal layers must be placed between or over power/ 
ground planes in order to have an impedance-controlled 
board comprising microstrip or strip line transmission lines. A 
power/ground plane also prevents any coupling of signal lines 
20 poses of the description presented below, the thickness of the 
metal is assumed to be much larger than the skin depth. This 
assumption is valid above several megahertz for commonly 
used copper planes in packages. 
in an upper layer to signal lines in a lower layer. As a result of 25 
this, many power/ground layers have to be included in the 
stack-up, as shown in FIG. 1. In order to reduce the parasitics 
of the power delivery network (e.g., to reduce the inductance 
of the planes), these layers can be allocated to power and 
ground in an alternating manner such that multiple plane pairs 30 
can' exist in a package or board. 
Power/ground planes in electronic packaging can be a 
major factor for noise coupling. There can be noise coupling 
not only in the transversal direction between two planes, but 
also in the vertical direction from one plane pair to another 35 
through the apertures and via holes. Excessive supply voltage 
fluctuations cause signal integrity (SI) problems. In addition, 
noise voltage that gets coupled to the edge of the board may 
cause significant electromagnetic interference (EMI). Hence, 
an accurate modeling of power/ground planes is critical to 40 
estimate the noise levels especially in mixed-signal systems 
where high isolation levels are required. 
A solid plane made of a perfect conductor of infinite lateral 
dimensions would completely shield the fields on one side 
from the other side. Therefore, there would be no need to 45 
consider multiple plane pairs. In reality, however, planes at 
the same de level have to be connected with vias to each other 
in order to reduce the effective inductance of the planes. Such 
For modeling of multilayered planes, recently, a method 
based on the Green's function and segmentation methods 
including the gap effects has been proposed. See for example, 
Y. Jeong, et al., "Hybrid analytical modeling method for split 
power bus in multilayered package," IEEE Trans. Electro-
magn. Compat., vol. 48, no. 1, pp. 82-94, February 2006. For 
realistic structures composed of a large number oflayers with 
many holes and a complicated boundary, a unit-cell-based 
approach that can be obtained using a finite-difference 
approximation is more appropriate. 
Finite-difference frequency-domain (FDFD) solution of 
the Helmholtz equation has been recently proposed as a 
simple and efficient method for modeling of single plane 
pairs. See for example, 0. Ramahi, et al., "A simple finite-
difference frequency-domain (FDFD) algorithm for analysis 
of switching noise in printed circuit boards and packages," 
IEEE Trans. Adv. Packag., vol. 26, no. 2, pp. 191-198, May 
2003. 
Based on the finite-difference method (FDM), two equiva-
lent circuit models for power/ground planes have been devel-
oped: T- and X-models. See A. E. Engin, et al., "Finite dif-
ference modeling of multiple planes in packages," presented 
atthe Int. Zurich Symp. Electromagn. Compat., Zurich, Swit-
zerland, February 2006. Also, Engin et al. show a general 
methodology to combine the frequency response of single a via has to go through a via hole in a plane having a different 
50 
plane pairs to obtain a model for multilayered planes taking 
into account the vertical coupling through the apertures. The 
multilayered FDM (MFDM) provides a simpler approach 
without any limit on the number of layers. It provides an 
accurate representation of wrap-around currents in compli-
de level in order to avoid a short circuit. Through this via and 
via hole, fields in different plane pairs get coupled to each 
other. Coupling of multiple plane pairs through such vias has 
been analyzed using the cavity resonator model by S. Chun, et 
al., "Modeling of simultaneous switching noise in high speed 
systems," IEEE Trans. Adv. Packag., vol. 24, no. 2, pp. 132-
142, May 2001, the transmission matrix method by J.-H. Kim 
and M. Swaminathan, in "Modeling of multilayered power 
distribution planes using transmission matrix method," IEEE 
Trans. Adv. Packag., vol. 25, no. 2, pp. 189-199, May 2002, 
and coupled transmission lines by H. Wu, et al., "Accurate 60 
power supply and ground plane pair models [for MCMs]," 
IEEE Trans. Adv. Packag., vol. 22, no. 3, pp. 259-266, August 
1999. 
In addition, planes generally have irregular geometries. 
There can be large apertures and splits in planes. Fields in 
different plane pairs can get coupled through these apertures. 
This can be regarded as a coupling by means of a wrap-around 
55 cated geometries, which have not been modeled before. 
It would be desirable to have methods and software that 
may be used to model multilayer planes and provide equiva-
lent circuit models for such structures based on multilayer 
difference methods. 
BRIEF DESCRIPTION OF THE DRAWINGS 
The various features and advantages of the present inven-
tion may be more readily understood with reference to the 
65 following detailed description taken in conjunction with the 
accompanying drawings, wherein like reference numerals 
designate like structural elements, and in which: 
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FIG. 1 illustrates an exemplary multilayer planar structure 
that may be modeled using exemplary multilayer finite dif-
ference methods; 
FIG. 2a illustrates wrap-around currents due to coupling 
through a gap in the middle plane for a simple one-dimen-
sional case; 
FIG. 2b is an equivalent network model that illustrates the 
wrap-around currents shown in FIG. 2a; 
FIG. 3a illustrates an exemplary T unit cell model for a 
single plane pair; 
FIG. 3b illustrates an exemplary X unit cell model for a 
single plane pair; 
FIG. 4a illustrates a side view of a unit cell for a three-plane 
multilayer structure showing current loops associated with 
per unit cell inductances; 
FIG. 4b shows the per unit cell inductance of each plane 
pair; 
FIG. 4c illustrates the per unit cell inductances are com-
bined by changing the reference planes; 
4 
of multilayer structures with vertical field coupling between 
the plane pairs through apertures in selected planes. 
The multilayer finite difference methods, and software 
may be used to electromagnetically simulate planar multi-
layer structures. The multilayer finite difference methods and 
software simulate multilayer planes by combining admit-
tance matrices of single plane pairs and equivalent circuit 
models for the single plane pairs based on a multilayer finite 
difference approximation. The resulting model reduces to the 
1 o well-known bed-spring model for a single plane pair. For time 
domain analysis, a circuit model is presented that may be 
included in a generic circuit solver such as the well-known 
Spice tool. A banded sparse matrix solver may be used for 
solving the network in the frequency domain. Using the mul-
15 tilayer finite difference methods and software, coupling 
between different layers through electrically large apertures 
can be modeled very accurately and efficiently. 
FIG. Sa illustrates the geometry of an exemplary three 20 
plane multilayer unit cell; 
For realistic structures having a large number oflayers with 
many holes and a complicated boundary, a unit-cell based 
approach is employed that uses a finite difference approxi-
mation. In particular, two exemplary types of unit cells may 
FIG. Sb shows a combined T-unit cell model for the three 
plane unit cell shown in FIG. Sa; 
FIG. Sc illustrates a plane model comprising multilayer 
unit cells; 
FIG. 6 illustrates an exemplary equivalent circuit model for 
the one-dimensional case shown in FIGS. 2a and 2b, based on 
the multilayer finite difference method; 
be employed. These are T-unit cells (M-FDM-T) using a 
5-point approximation of the Helmholtz equation, and X-unit 
cells (M-FDM-X) using a 9-point approximation of the 
25 Helmholtz equation. 
A multilayered finite-difference method or software using 
FIG. 7 illustrates segmentation of a transmission line with 
30 
respect to unit cells of the plane model; 
T-unit cells (M-FDM-T) provides a simple and efficient 
method for modeling of multilayer structures without any 
limit on the number oflayers. It provides an accurate repre-
sentation of wrap-around currents in complicated geometries, 
FIG. 8 illustrates integration of a stripline segment with an 
exemplary plane model; 
FIG. 9 illustrates connection of a via model to the appro-
priate unit cells of multilayer finite difference model of the 
35 
planes; 
which has not been modeled before. In the M-FDM-T 
approach, a multilayer unit-cell model is constructed by com-
bining unit-cell models of single plane pairs. This is based on 
a unit cell model, which is an extension of the T-model for 
multilayered structures and based on the 5-point approxima-
FIG. 10 illustrates connection of a solder ball model to an 
appropriate unit cells of the multilayer finite difference model 
of the planes; 
FIG. 11 illustrates one possible model forthe vias or solder 
balls; 
FIG. 12 illustrates connection of the fringe and gap models 
to the appropriate unit cells of the multilayer finite difference 
model of the planes; 
FIG. 13 illustrates test vehicle 1 (TVl), showing cross 
section, location of ports, and top view of each layer; 
FIG. 14a is a graph that illustrates the magnitude of the 
transmission coefficient S12 for test vehicle 1; 
FIG. 14b is a graph that illustrates the phase of the trans-
mission coefficient S12 for test vehicle 1; 
FIG. lS illustrates simulated switching noise voltage at 
port 2 for a noise current source at port 1 for test vehicle 1; and 
FIG. 16 is a flow diagram that illustrates an exemplary 
multilayer finite difference method and software for electro-
magnetically simulating planar multilayer structures. 
DETAILED DESCRIPTION 
Disclosed herein are multilayer finite difference methods 
(MFDM) and software for modeling multilayered structures 
comprising multiple power/ground planes with arbitrary 
power/ground assignments in the layer stack-up and arbitrary 
shapes. The multilayer finite difference methods and software 
may be used to simulate multilayered power/ground planes 
with vertical coupling between the planes caused by wrap-
around currents. The multilayer finite difference methods and 
software may also be used for model-to-hardware correlation 
tion of the Helmholtz equation. Via models may be included 
by connecting it to an M-FD M-T mesh at common nodes. The 
M-FDM-T approach may also be made more accurate by 
supplementing it with fringe and gap models to take into 
40 account second-order effects. Signal interconnects may be 
included in the M-FD M-T by connecting the reference nodes 
to the appropriate reference planes. The M-FDM-T electro-
magnetic solver considerably improves the simulation time of 
multilayer structures found in integrated circuit packages and 
45 printed circuit boards compared to full-wave electromagnetic 
solvers. 
Another basic unit cell referred to as the X-model, can be 
obtained based on a 9-point approximation of the Helmholtz 
50 
equation. The interconnection of the unit cells and the addi-
tion of transmission line, via, fringe, and gap models are same 
as in the M-FDM-T approach.] 
Vertical Coupling Through Multilayer Planes 
In a single plane pair, fundamental noise coupling occurs in 
55 a horizontal direction between the two planes that constitute 
the plane pair. The plane pair essentially acts as a resonator 
cavity. In a multilayer structure, there can be noise coupling in 
both horizontal and vertical directions through the power/ 
ground planes. Such a structure includes multiple plane pairs. 
60 Vertical coupling may be considered as a coupling between 
these plane pairs. Assuming that the thickness of the metal is 
much larger than its skin depth, the vertical coupling through 
the conductors can be neglected. The major vertical coupling 
occurs through the interactions between these plane pairs at 
65 their boundaries. This coupling mechanism may be described 
as aperture coupling or coupling due to wrap-around currents 
as described in the following example. 
US 7,895,540 B2 
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FIG. 2a shows a simple one-dimensional case, where the 
right-half of the middle plane is missing. For this example, 
there are three plane pairs based on different combinations of 
the planes. Assume that there is a current on the middle plane 
with its return current on the bottom plane. These currents are 
confined inside plane pair 2. When this current arrives at the 
right boundary of this plane pair, it can wrap-around the 
aperture. Hence, the so-called wrap-around current can excite 
currents in plane pair 1 and plane pair 3. This is a direct 
current coupling path between the plane pairs and is critical 
for an accurate estimation of coupling in multilayer planes. 
10 
15 
In order to model the wrap-around currents, the three plane 
pairs can be modeled separately and interconnected with each 
other, as shown in FIG. 2b. Such an interconnection enforces 
correct boundary conditions such that the wrap-around cur-
rents are taken into account. The electric field is assumed to 
have no horizontal components. Consequently, the fringe and 
gap fields are neglected. Such an assumption is accurate for 
large structures separated with a dielectric that has a small 
thickness. Hence, it is quite suitable for multilayer power/ 20 
ground planes. If necessary, such second-order effects can be 
taken into account using additional circuit elements. 
Regarding a practical implementation of the modeling 
approach shown in FIG. 2b, several points need consider-
25 
ation. First of all, there should be no conflict between the 
models regarding a common reference terminal for the defi-
nition, of voltages at the interconnection. This becomes 
important if circuit models with different ground references 
are used to model the plane pairs. Another pro bl em is locating 
30 
the boundaries between the plane pairs and realizing inter-
connections. This can be very difficult for a structure having 
many layers that have complicated boundaries. 
6 
Z= R+ jwL (2) 






2 ff R=-+2 -
m a-
G = wCtan6 (7) 
for a given permittivity E, permeability µ, conductivity E, 
conductor thickness t, loss tangent tan ll, and cell size h. R in 
equation ( 6) represents the internal impedance, including 
both the de and the skin effect resistance as well as the 
contribution of the internal inductance. The accuracy of the 
given equation for the conductance Gin equation (7) has been 
sufficient in our experience. It can be used only for relatively 
lossless substrates and should be replaced with a more accu-
rate equation that provides a causal response for very lossy 
substrates. The losses in the model basically influence the 
amplitudes of the frequency response. 
A primary aspect of the X unit cell is that it includes a direct 
inductive path to diagonally neighboring cells in addition to 
the neighboring cells sharing a side. However, both T- and 
X-models are second order approximations to the Helmholtz 
equation. Consequently, the improvement in accuracy using 
the new X unit cell is not significant. Since the T unit cell 
based on the five-point discretization results in a simpler The multilayer finite difference method and software dis-
closed herein overcomes these practical problems by defining 
multilayer unit-cell models that have the same ground refer-
ence, so that interconnection of the unit cells becomes 
straightforward. Details of the multilayer finite difference 
method and software are presented below. 
35 model, it is discussed below. 
Multilayer Finite Difference Method and Software 
The underlying elliptic partial differential equation for 
modeling of planes is a Helmholtz equation: 
(1) 
where V / is the transverse Laplace operator parallel to the 
planar structures, u is the voltage, d is the distance between 
the planes, k is the wave number, and J
2 
is the current density 
injected normally to the planes. The problem definition is 
completed by assigning homogenous Neumann boundary 
conditions, which correspond to assuming a magnetic wall, or 
an open circuit, on the periphery of the planes. 
Unit-Cell Models for a Single Plane Pair 
One method to solve the Helmholtz equation is to apply a 
finite-difference scheme, which can be represented using dif-
ferent unit cells, as shown in FIGS. 3a and 3b. The imped-
ances shown in the unit cells are half of the total impedances, 
between two neighboring nodes. When unit cells are con-
nected with each other, two half impedances from neighbor-
ing unit cells establish the correct impedance value. The T 
unit-cell model is based on a five-point approximation of 
equation (1), whereas the X unit-cell model can be obtained 
from the nine-point finite-difference formula. The T unit cell 
results in the well-known bedspring model for a plane having 
inductors (L) between neighboring nodes and capacitors (C) 
from each node to ground. In FIGS. 3a and3b, the per unit cell 
(p.u.c.) impedance and admittance are represented as 
Multilayer Unit-Cell Model 
The unit-cell models shown in FIGS. 3a and 3b use a 
common ground node. In a multilayer structure having more 
than two planes, unit cells of different plane pairs can assign 
40 this ground potential to different planes. Therefore, such unit 
cells cannot be stacked on top of each other without any 
modification of the multilayer plane model. A straightfor-
ward stacking would short-circuit the elements between two 
ground connections, resulting in a completely wrong model. 
45 As a result, a multilayer unit-cell model becomes necessary. 
In order to obtain a model for the combined unit cell rep-
resenting all the planes in the structure, consider the inductor 
elements in a unit cell, as shown in FIG. 4a. L1 is the per unit 
cell inductance between plane 1 and plane 2, and L2 is the 
50 inductance between planes 2 and 3. Hence, the reference 
planes are different in both models in FIG. 4b and L2 would be 
short-circuited ifthe same nodes on plane 2 were connected to 
each other. In order to avoid this, the per unit cell inductances 
are combined, as shown in FIG. 4c, using a mutual inductance 
55 and assigning plane 3 as the reference plane. This model can 
be extended in a similar way to any number of planes. Physi-
cally, this model is based on the fact that there is a complete 
coupling of the magnetic flux when the return current is on 
plane 3, as represented by the mutual inductance that is equal 
60 to L2 . 
One way of solving the equations obtained by the finite 
difference method (or software) is by using a nodal admit-
tance matrix, which provides a method for interconnecting 
multiport networks with each other. It also allows intercon-
65 nected grounded n-ports, as in the case of a multilayer struc-
ture, by using an indefinite admittance matrix as discussed by 
J. A. Dobrowolski, Introduction to Computer Methods for 
US 7,895,540 B2 
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Microwave Circuit Analysis and Design. Norwood, Mass.: 
Artech House, 1991. As an example, consider the inductance 
Ll between plane 1 and plane 2, as shown in the model at the 
top of FIG. 4b. The indefinite admittance matrix for this 
inductance is a four-port, which can be expressed as 
Ii Yi -Yi -Yi Yi Vi (8) 
12 -Yi Yi Yi -Yi V2 
/3 -Yi Yi Yi -Yi V3 
/4 Yi -Yi -Yi Yi V4 
where 
8 
independent model can also be used ifthe signals do not have 
a large bandwidth. In this case, the perunit cell resistance (R) 
and conductance (G) can be obtained at a given angular fre-
quency, where a significant portion of the considered signals 
are concentrated in the spectrum. The per unit cell resistances 
in the model represent the resistance of single planes, where 
the bottom layer is assumed to be an ideal lossless ground 
plane. 
As an example of the interconnection of the unit cells with 
10 each other, consider the one-dimensional case shown in 
FIGS. 2a and 2b. In such a structure, there are two different 
kinds of unit cells that can be interconnected, as shown in 
FIG. 6. The interconnection of different unit cell types with 
Yi= l/jwLl (9) each other does not require any special consideration and can 
15 be done in a straightforward manner. The loss terms are not 
shown in FIG. 6 for clarity. 
This matrix can now be combined with the admittance 
matrix represent L2 shown at the bottom of FIG. 4b as 
Ii Yi -Yi -Yi Yi Vi (10) 
12 -Yi Yi+ Y2 Yi -Yi - Y2 V2 
/3 -Yi Yi Yi -Yi V3 
/4 Yi -Yi - Y2 -Yi Yi+ Y2 V4 
where 
Y2 = 1 I jw12 
It is assumed that plane 3 is chosen as the common refer-
ence terminal for the ports. It can be verified that this matrix 
represents the admittance matrix of the network in FIG. 4c, 
validating the previous derivation based on the physical con-
siderations of magnetic flux coupling. 
Similarly, a per unit cell capacitance C between nodes i and 
j can be added to the nodal admittance matrix as 
(11) 
I; Y, -Y, V; 
11 -Y, Y, Vi 
where 
Y, =jwC. (12) 
FIG. 7 shows the discretization of a transmission line with 
respect to the unit cell discretization of the planes. Each 
transmission line segment whose projection lies within a 
20 separate unit cell is added to the plane model as shown in FIG. 
8. FIG. 8 shows an example for a stripline segment that is 
routed between a power plane and a ground plane. The strip-
line is assumed to have a characteristic impedance of Zs,/, 
and separated with a distance ofhl from the ground plane and 
25 a distance ofh2 from the power plane. Two parallel connected 
transmission line segments with characteristic impedances 
that are functions of Zs,/, hl and h2 are added to the plane 
model as shown in FIG. 8. Integration of a microstrip line is 
very similar to a stripline, where only one transmission line 
30 segment is added to the plane model. The reference nodes of 
the micro strip line are simply connected to the corresponding 
nodes on its reference plane. 
FIG. 9 shows the discretization of a multilayered structure 
having multiple planes and a multitude ofvias. In FIG. 9, it is 
35 assumed that there are 3 vias, and an arbitrary model is 
assumed to be available for the vias. The multitude of, via 
models are connected to the appropriate unit cells of the 
multilayer finite difference model of the planes as shown in 
FIG. 1. In this example, a 3-port model is assumed for 3 vias. 
40 However, vias can be discretized into segments in the vertical 
direction as well. In that case, the via models include addi-
tional ports such that the total number of ports in the via 
model is equivalent to the total number of via segments. 
Integration of solder balls in the multilayer finite difference 
45 method is similar to the integrationofvias. FIG.10 shows the 
discretization of a multilayered structure having multiple 
planes and a multitude of solder balls. In FIG. 10, it is 
assumed that there are 3 solder balls, and an arbitrary model 
Using these rules to include the per unit cell parameters, the 50 
total nodal admittance matrix can be constructed. These 
is assumed to be available for the solder balls. The multitude 
of solder ball models are connected to the appropriate unit 
cells of the multilayer finite difference model of the planes as 
parameters do not have to be defined always between two 
adjacent planes. For example, a unit cell can include induc-
tances and capacitance between distant planes, if there are 
slots on the planes between them. 
Equivalent circuit models are immediately available based 
on the multilayer finite difference methods. For example, 
FIG. Sb shows an equivalent circuit model for a sample unit 
cell including three planes as shown in FIG. Sa, where the 
bottom plane is chosen as the common reference terminal. 
Frequency-dependent loss terms can also be included using 
equations (6) and (7) for a frequency-domain simulation. For 
a time-domain analysis, they can be approximated using stan-
dard circuit elements such as are disclosed by A. E. Engin, et 
al., in "Closed-form network representations of frequency-
dependent RLGC parameters," Int. J. Circuit Theory Appl., 
vol. 33, pp. 463-485, November 2005. A simple frequency-
shown in the figure. 
The main parasitic effect ofvias and solder balls are their 
inductance. Hence, to a first order, a coupled inductance 
55 modelcanbeusedas showninFIG.11. InFIG.11, L,,, L11, Lkk 
are self inductances, and L,/' Lw L1k are mutual inductances. 
The values of these inductances can be obtained using simple 
analytic equations or through additional electromagnetic 
simulations. The resistance and parasitic capacitance can be 
60 included as well to increase the accuracy of this model. 
FIG. 12 shows the integration of models for fringe and gap 
fields. The fringe fields are represented using fringe capaci-
tances and inductances along the unit cells on the boundaries 
of the planes. The gap fields are represented as coupling 
65 capacitances and mutual inductances between planes. The 
values of these circuit elements can be obtained using simple 
analytic equations or additional electromagnetic simulations. 
US 7,895,540 B2 
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In addition to these parasitic elements, any other circuit 
element can be simply added to the multilayer unit cell model. 
One example is the addition of decoupling capacitors. A 
model for a decoupling capacitor can be added between the 
two unit cells that correspond to pads of the decoupling 
capacitor. 
10 
Once the models for planes, vias, solder balls, fringe fields, 
gap fields, and any additional circuit elements, such as decou-
pling capacitors, are combined, the overall matrix equation or 
circuit model can be solved to obtain the time domain or 
frequency domain response at the pre-defined ports of the 
model. In addition, the noise voltage distribution on the sur-
face of the planes can be calculated at a give frequency. For a 
multilayer structure, the noise voltage at each plane is calcu-
lated with respect to the next plane below it. 
mission line and via of the planar multilayer structure. A 
plurality of unit cells are defined 12 that each represent a 
portion of the planar multilayer structure and that includes all 
planes of the planar multilayer structure. For each unit cell, 
the data associated with the cell are processed 13 to generate 
an individual equivalent circuit model for that cell using a 
multilayer finite difference method. The unit cells are inter-
connected 14 to create an overall circuit model for the planar 
multilayer structure. The overall circuit model is processed 
10 lS to obtain frequency or time domain responses for the 
planar multilayer structure. 
Processing 13 the data to generate an individual equivalent 
circuit model may be achieved by generating admittance 
Measurement Comparison 
For verification of the MFDM, a test case was considered. 
The test vehicle (TVl) is a three-layered structure, as shown 
in FIG. 13., In TVl, there is a hole in the middle plane (plane 
15 matrices of single plane pairs of a planar multilayer structure, 
generating equivalent circuit models for the single plane pairs 
to generate equivalent unit-cell models, and generating a 
multilayered unit-cell model using a finite difference 
2). Port 1 is between plane 1 and2; and port2 is between plane 20 
2 and plane 3. In such a three-plane structure, there are three 
plane pairs. These plane pairs are coupled at their boundaries. 
The general shapes of the planes are similar to a test structure 
discussed by J.-H. Kim et al., in "Modeling of multilayered 
power distribution planes using transmission matrix method," 25 
IEEE Trans. Adv. Packag., vol. 25, no. 2, pp. 189-199, May 
2002, although different geometrical sizes are used in this 
example. The layers are not isolated from each other with 
solid ground planes, so that wrap-around currents can occur. 
Current flowing into the boundary of a plane pair will spread 30 
into other plane pairs, which results in wrap-around currents. 
approximation that combines the unit-cell models and the 
admittance matrices of the single plane pairs. Interconnection 
14 of the unit cells may be achieved by short circuiting adja-
cent unit cells of the overall circuit model to produce the 
overall circuit model. 
Processing lS the overall circuit model may be achieved by 
defining a matrix equation based upon the overall circuit 
model and simulation parameters for a desired simulation 
setup, and solving the matrix equation to generate frequency 
or time domain responses for the planar multilayer structure. 
Processing lS the overall circuit model may also be achieved 
by defining simulation parameters for a desired simulation, 
setup, and processing the overall circuit model and the simu-
lation parameters using a circuit solver to obtain frequency 
and time domain responses for the planar multilayer struc-
ture. 
Furthermore, transmission line models, via models, and 
fringe and gap models may be processed and interconnected 
to the overall circuit model. Transmission line models are 
included by processing data defining transmission line seg-
The multiple plane structure TVl was fabricated using FR4 
dielectric layers with Er=4, tan o=0.02. FIGS. 14a and 14b 
show that there is an excellent agreement regarding the trans-
mission coefficient S12 obtained from measurements ofTVl. 35 
S12 is solely due to the coupling through the aperture and 
could be very accurately captured. This is a large amount of 
coupling, which could cause a signal integrity problem if, for 
example, top and bottom planes were assigned different volt-
age levels. 40 ments associated with each of the unit cells to generate trans-
mission line models for each segment of the transmission 
line, and connecting the transmission line models at common 
nodes of the overall multilayer circuit model. Via models are 
included by generating via models for the single plane pairs, 
The same structure was also simulated using Sonnet, giv-
ing similar results. All simulations were done on an Intel 
Xeon workstation with a 3-GHz CPU and 3.25-GB RAM. 
Calculation of each frequency point required 1.35 s using 
MFDM implemented in Matlab, and 94 s using Sonnet, 
resulting in simulation speedup by a factor of about 70. 
TVl was also simulated in the time domain using an 
equivalent circuit model based on the unit-cell model shown 
in FIGS. Sa and Sb. The conductor and substrate losses were 
taken into account using resistors Rl, R2, Gl, and G2, whose 
values were calculated at 3 GHz. A more accurate represen-
tation of the frequency-dependent behavior due to losses can 
45 
and connecting the via models to common nodes to construct 
the multilayered unit-cell model. Fringe and gap models may 
be taken into account by generating fringe and gap models for 
the single plane pairs to take into account second-order 
effects, and constructing the multilayered unit-cell model by 
50 
combining unit-cell models of the single plane pairs along 
with the fringe and gap models. 
be included using skin-effect and Debye models. Port 1 was 
stimulated with a trapezoidal current waveform with rise/fall 
times of 100 ps, period of 1 ns, and magnitude of 1 A. FIG. lS 55 
shows the noise voltage waveform at port 2. The noise voltage 
can behigherthan 1 V peak-to-peak, which can cause a signal 
integrity or EMI problem especially if there are simulta-
neously switching drivers. 
For the purposes of completeness, FIG. 16 is a flow dia- 60 
gram illustrating an exemplary multilayer finite difference 
method 10 and software 10 for electromagnetically simulat-
ing planar multilayer structures. The exemplary multilayer 
finite difference method 10 and software 10 is implemented 
With regard to the software 10, it is configured to process a 
data file 11 that defines the material properties and layout of 
each plane, transmission line and via of a planar multilayer 
structure to electromagnetically simulate the planar multi-
layer structure. A number of code segments of the software 
implement this. 
In particular, the software comprises a code segment 12 
that defines a plurality of unit cells that each represent a 
portion of the planar multilayer structure and that includes all 
planes of the planar multilayer structure. A code segment 13 
is provided that, for each unit cell, processes the data associ-
ated with the cell to generate an individual equivalent circuit 
model for that cell using a multilayer finite difference 
as follows. 
With regard to the method 10, data file is provided 11 that 
defines the material properties and layout of each plane, trans-
65 method. A code segment 14 is provided that interconnects the 
unit cells to create an overall circuit model for the planar 
multilayer structure. A code segment lS is provided is pro-
US 7,895,540 B2 
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vided that processes the overall circuit model to obtain fre-
quency or time domain responses for the planar multilayer 
structure. 
In summary, a new method, referred to as a multilayer finite 
difference method (MFDM), and associated software, that 
models multiple plane pairs coupled through apertures has 
been disclosed. Two equivalent circuit models based on the 
finite difference method have been disclosed, which are T-
and X-models. In general, both models are second-order 
approximations for the Helmholtz equation. Hence, the 10 
T-model is preferable due to its simplicity. 
12 
model and the simulation parameters using a circuit solver to 
obtain frequency and time domain responses for the planar 
multilayer structure. 
4. The method recited in claim 1 wherein interconnection 
of the unit cells is achieved by short circuiting adjacent unit 
cells of the overall circuit model to produce the overall circuit 
model. 
5. The method recited in claim 1 wherein a multilayer finite 
difference approximation of the Helmholtz equation is used 
for each plane pair in the unit cell to obtain the parameters of 
the unit cell. 
6. The method recited in claim 1 wherein processing the 
data to generate an individual equivalent circuit model com-
prises: generating admittance matrices of single plane pairs of 
a planar multilayer structure; generating equivalent circuit 
models for the single plane pairs to generate equivalent unit-
cell models; and generating a multilayered unit-cell model 
using a finite difference approximation that combines the 
unit-cell models and the admittance matrices of the single 
There is excellent agreement between the multilayer finite 
difference method and software and measurements of multi-
layered structures with three and four planes. A speedup by a 
factor of about 70 was obtained compared to a run-time of a 15 
full-wave simulator. A high level of noise coupling was 
observed due to the wrap-around currents around the slots in 
the planes. The method and software accurately predicts 
noise coupling, which can cause signal integrity and EMI 
problems. 20 plane pairs. 
The multilayer finite difference method and software are 
based on unit cells and also provides an equivalent circuit 
model for multilayer planes in a simple way. It can be used to 
model power/ground planes with arbitrary power/ground 
assignments in the layer stack-up. The multilayer finite dif- 25 
ference method and software are useful in modeling the signal 
integrity and EMI behavior of realistic structures with multi-
layered planes having arbitrary shapes. 
7. The method recited in claim 1 further comprising: pro-
cessing data defining transmission line segments associated 
with each of the unit cells to generate transmission line mod-
els for each segment of the transmission line; and connecting 
the transmission line models at common nodes of the overall 
multilayer circuit model. 
8. The method recited in claim 7 wherein ifthe transmis-
sion line is a stripline, splitting the stripline into parallel-
connected striplines and connecting the parallel-connected 
striplines to the common nodes. 
Thus, finite difference methods and software for electro-
magnetically simulating planar multilayer structures have 30 
been disclosed. It is to be understood that the above-described 9. The method recited in claim 7 wherein ifthe transmis-
sion line is a micro-stripline, connecting it to the common 
nodes of the multilayer circuit model. 
embodiments are merely illustrative of some of the many 
specific embodiments that represent applications of the prin-
ciples discussed above. Clearly, numerous and other arrange-
ments can be readily devised by those skilled in the art with- 35 
out departing from the scope of the invention. 
10. The method recited in claim 1 further comprising: 
generating via models for the single plane pairs; and connect-
ing the via models to common nodes to construct the multi-
layered unit-cell model. What is claimed is: 
1. A method, operable on a digital computer, for electro-
magnetically simulating a planar multilayer structure, com-
prising: providing a data file to the digital computer that 
defines the material properties and layout of each plane, trans-
mission line and via of the planar multilayer structure; defin-
ing, with the digital computer, a plurality of unit cells that 
each represent a portion of the planar multilayer structure and 
that includes all planes of the planar multilayer structure; for 
each unit cell; processing, using the digital computer, the data 
associated with the cell to generate an individual equivalent 
circuit model for that cell using a multilayer finite difference 
method; employing the digital computer to interconnect the 
unit cells to create an overall circuit model for the planar 
multilayer structure; processing, using the digital computer, 
the overall circuit model to obtain frequency or time domain 
responses for the planar multilayer structure; generating, with 
the digital computer, fringe and gap models for the single 
plane pairs to take into account second-order effects; and 
constructing, with the digital computer, a multilayered unit-
cell model by combining unit-cell models of the single plane 
pairs along with the fringe and gap models. 
2. The method recited in claim 1 wherein processing the 
overall circuit model comprises: defining a matrix equation 
based upon the overall circuit model and simulation param-
eters for a desired simulation setup; and solving the matrix 
equation to generate frequency or time domain responses for 
the planar multilayer structure. 
3. The method recited in claim 1 processing the overall 
circuit model comprises: defining simulation parameters for a 
desired simulation setup; and processing the overall circuit 
11. A method, operable on a digital computer, for electro-
magnetically simulating a planar multilayer structure, com-
40 prising: providing a data file to the digital computer that 
defines the material properties and layout of each plane, trans-
mission line and via of the planar multilayer structure; defin-
ing, with the digital computer, a plurality of unit cells that 
each represent a portion of the planar multilayer structure and 
45 that includes all planes of the planar multilayer structure; for 
each unit cell, processing, using the digital computer, the data 
associated with the cell to generate an individual equivalent 
circuit model for that cell using a multilayer finite difference 
method; employing the digital computer to interconnect the 
50 unit cells to create an overall circuit model for the planar 
multilayer structure; processing, using the digital computer, 
the overall circuit model to obtain frequency or time domain 
responses for the planar multilayer structure; wherein the 
approximation is either a 5-point approximation or a 9-point 
55 approximation. 
12. Software stored on a non-transitory computer readable 
medium for processing a data file that defines the material 
properties and layout of each plane, transmission line and via 
of a planar multilayer structure to electromagnetically simu-
60 late the planar multilayer structure, comprising: a code seg-
ment that defines a plurality of unit cells that each represent a 
portion of the planar multilayer structure and that includes all 
planes of the planar multilayer structure; a code segment that, 
for each unit cell, processes the data associated with the cell 
65 to generate an individual equivalent circuit model for that cell 
using a multilayer finite difference method; a code segment 
that interconnects the unit cells to create an overall circuit 
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model for the planar multilayer structure; a code segment that 
processes the overall circuit model to obtain frequency or 
time domain responses for the planar multilayer structure; a 
code segment that generates fringe and gap models for the 
single plane pairs to take into account second-order effects; 
and a code segment that constructs a multilayered unit-cell 
model by combining unit-cell models of the single plane pairs 
along with the fringe and gap models. 
14 
15. The software recited in claim 12 wherein the code 
segment that interconnects the unit cells comprises: a code 
segment that interconnects the unit cells by short circuiting 
adjacent unit cells of the overall circuit model to produce the 
overall circuit model. 
13. The software recited in claim 12 wherein the code 
10 
16. The software recited in claim 12 further comprising: a 
code segment that generates admittance matrices of single 
plane pairs of a planar multilayer structure; a code segment 
that generates equivalent circuit models for the single plane 
pairs to generate equivalent unit-cell models; and a code 
segment that generates a multilayered unit-cell model using a segment that processes the overall circuit model to obtain 
frequency or time domain responses comprises: a code seg-
ment that defines a matrix equation based upon the overall 
circuit model and simulation parameters for a desired simu-
lation setup; and a code segment that solves the matrix equa-
tion to generate frequency or time domain responses for the 
planar multilayer structure. 
14. The software recited in claim 12 wherein the code 
segment that processes the overall circuit model to obtain 
frequency or time domain responses comprises: a code seg-
ment that defines simulation parameters for a desired simu-
lation setup; and a code segment that processes the overall 
circuit model and the simulation parameters using a circuit 
solver to obtain frequency and time domain responses for the 
planar multilayer structure. 
finite difference approximation that combines the unit-cell 
models and the admittance matrices of the single plane pairs. 
17. The software recited in claim 12 further comprising: a 
15 code segment that processes data defining transmission line 
segments associated with each of the unit cells to generate 
transmission line models for each segment of the transmis-
sion line; and a code segment that connects the transmission 
line models at common nodes of the overall multilayer circuit 
20 model. 
18. The software recited in claim 12 further comprising: a 
code segment that generates via models for the single plane 
pairs; and a code segment that connects the via models to 
common nodes to construct the multilayered unit-cell model. 
* * * * * 
